Predicting survival and extinction scenarios for climate change requires an understanding of the present day ecological characteristics of species and future available habitats, but also the adaptive potential of species to cope with environmental change. Hybridization is one mechanism that could facilitate this. Here we report statistical evidence that the transfer of genetic information through hybridization is a feature of species from the plant genus Pachycladon that survived the Last Glacial Maximum in geographically separated alpine refugia in New Zealand's South Island. We show that transferred glucosinolate hydrolysis genes also exhibit evidence of intralocus recombination. Such gene exchange and recombination has the potential to alter the chemical defence in the offspring of hybridizing species. We use a mathematical model to show that when hybridization increases the adaptive potential of species, future biodiversity will be best protected by preserving closely related species that hybridize rather than by conserving distantly related species that are genetically isolated.
Zealand 9 . On the basis of ecological characteristics and prediction of available habitats, it has been proposed that there was nunatak survival in the central South Island at the height of the LGM for Pachycladon enysii, and survival in more northern and peripheral South Island refugia for P. fastigiatum and P. stellatum 9 . However, hybridization and the introgression of adaptively significant traits between species could challenge our understanding of this scenario and other similar survival scenarios for biodiversity 2 that are based on present day species' attributes and present habitats. To investigate this with Pachycladon, we tested for evidence of past introgression with chloroplast markers from five loci (Supplementary Fig. 1 ) in accessions sampled across the geographic ranges of P. enysii, P. fastigiatum and P. stellatum using the JML (Joly, McLenachan, Lockhart) test of ref. 11 and a species tree reconstructed from seven nuclear gene loci ( Supplementary Fig. 2 ).
We found that incomplete lineage sorting was unable to explain identical and highly similar chloroplast haplotypes shared by P. enysii, P. fastigiatum and P. stellatum accessions ( Fig. 1 and Supplementary Fig. 3 ). At probability value p < 0.1 there was evidence for introgression of chloroplast genomes between adjacent central populations of P. enysii and P. fastigiatum and between adjacent northern populations of P. enysii and P. stellatum ( Supplementary Fig. 3 and Table 4 ). This suggests that there has been regional chloroplast capture through sympatric events of hybridization.
Relaxed molecular clock estimates ( Supplementary Fig. 4 ) indicate that the chloroplast haplotypes of the central populations of P. enysii and P. fastigiatum diverged from the haplotypes of northern populations at least 190,000 years ago (95% highest posterior density lower bound: 0.19 million years ago (Ma)-95% highest posterior density upper bound: 1 Ma). In contrast, analyses of nuclear molecular markers identify identical or highly similar alleles common to northern and central populations of Pachycladon species. Thus, although restricted seed dispersal and in situ survival of central populations of Pachycladon through successive glacial-interglacial cycles over the Pleistocene seems likely, central and northern populations also seem to have been connected by pollenmediated gene flow.
In general, species boundaries seem to be maintained between P. enysii, P. fastigiatum, and P. stellatum. This is suggested from Bayesian delimitation analysis for seven nuclear genes (S. Joly, P. B. Heenan and P. J. Lockhart, manuscript in preparation). However, despite this finding there is also evidence for introgression of nuclear genes of potential adaptive significance between these species (Fig. 2) 16 . The expressed alleles of ESP and ESM1 showed strong signatures of positive and purifying selection in Pachycladon (Fig. 3) Table 5 ). Allele sharing between species is also observed with the other glucosinolate hydrolysis loci under investigation (MVP1 homeologue 1, ESP homeologue 1 and MVP1 paralogue; Fig. 2 ). However, this observation is more difficult to assess because of low sequence variation. In the instances of statistically inferred introgression, allele sharing has altered the functional allelic diversity of populations in all three species of Pachycladon (Supplementary Tables 6 and 7) . Furthermore, a likelihood ratio test indicates that intra-genic recombination has occurred within the ESM1 locus in P. enysii (Supplementary Fig. 5 ; p = 4.7 × 10 −11 ). This hybridization-mediated recombination has replaced a neighbouring MVP1 paralogue allele, characterized by a frame shift and premature stop codon, with an allele that has an open reading frame and is expressed 17 in P. fastigiatum. This modification alters the functional allelic diversity of the MVP1 paralogue locus in P. enysii (Fig. 2) .
These above instances of introgression and recombination, are likely to impact on glucosinolate hydrolysis chemotypes (Supplementary Table 6 ), herbivore fitness and the adaptive potential of Pachycladon species. In contrast to the chloroplast results, introgression of glucosinolate hydrolysis genes is not restricted to geographically adjacent/sympatric populations: The same recombination within ESM1 was found in northern (Pe10) and central populations of P. enysii (Pe7, Pe8). Thus, it seems that pollen-mediated nuclear gene flow has dispersed glucosinolate hydrolysis genotypes more widely and facilitated genetic exchange between disjunct populations.
Hybridization is increasingly speculated as an important mechanism for rapid adaptation to environmental change 1, 3, 4, 7 . However, presumably because of uncertainty in its possible outcomes 4 , hybridization is yet to be incorporated into models that predict the survival and extinction scenarios of biota. Previously, it was suggested 9 that P. enysii survived Pleistocene glaciation in central South Island nunataks, whereas P. fastigiatum was exterminated from such areas. However, here we show that introgression between these species is a feature of populations that have persisted in the central part of the South Island of New Zealand over periods of Pleistocene climate change when Pachycladon species ranges would have expanded and contracted with available habitat and changes in biotic interactions. Furthermore, our results suggest that introgression and recombination are mechanisms that have the potential in Pachycladon to rapidly generate adaptive chemotypes important in herbivory and pathogen defence 15, 16 . Thus, if introgression and recombination have similarly acted on other adaptive gene sets, they are likely to have aided survival of Pachycladon species in the past and will impact on their adaptive potential in the future. This hypothesis is important to test given recent observations suggesting the adaptive significance of hybridization in animal 8, 18, 19 and plant species 6 , as well as interest in determining what processes are most important in shaping ecological interactions 20 . The suggestion that hybridization and introgression might act as a general mechanism for increasing the adaptive potential of species has implications for predicting and maximizing future phylogenetic diversity through conservation efforts 21 . Although hybrids and hybridization have a long and uncomfortable history in conservation biology 22, 23 , the preservation and protection of hybrids and/or individuals with the potential to hybridize in some cases could lead to greater preservation of future phylogenetic and biological diversity. We illustrate this conjecture with a simple example.
Suppose there are two groups of closely related species (A, B) and (C, D) that are phylogenetically distant from each other (Fig. 4) . The species within each pair occupy overlapping geographic areas. Assume that the probability p of any of these species surviving environmental change in situ is close to zero, but that with conservation intervention we are able to increase the probability of survival of any one species. We will assume that our resources (budget) allow only two species to be conserved. The Noah's Ark problem 24 in this simple setting is to decide which two species should be preserved, where the aim is to increase expected future phylogenetic diversity.
Ignoring for the moment the influence of hybridization, it is well known that the pair of species having maximal phylogenetic diversity (PD) would have maximal separation in the tree (for example species A and C in Fig. 4, Scenario 1) . In this case the expected future PD is precisely 2pT, when the time from the ancestor to the present is T and the length of the four short pendant edges is ignored. In contrast, conserving A and B (Scenario 2) leads to a future expected PD value of (2p − p AB )T , where p AB is the probability that both A and B survive (p AB would be p 2 if these events are independent, but as A and B are closely related it will probably be closer to p). Scenario 1 therefore always leads to higher PD than Scenario 2 in this simple setting. However, the situation can change if hybridization occurs within the (A, B) clade. For this case we assume that: because the species are highly specialized for their respective habitats, there is limited or no adaptive potential in each individual species, and thus without conservation of their habitat their probability for survival is zero; under conditions of environmental change hybrids will survive and reproduce, in which case there is a further probability that some hybrids will have increased adaptive potential, which will allow them to occupy altered as well as colonize new habitats.
Formally, if A (and not B) is subject to conservation efforts, let x A be the probability that a hybrid from (A, B) will become established and survive owing to an adaptive potential greater than that of its parents. Similarly, let x AB be the corresponding probability if both A and B receive conservation efforts (for example, by protecting the habitats they both occur in). For Scenario 1, the expected future PD is at most (2p + x A )T , whereas for Scenario 2 it is at least x AB T (Methods). Thus, it is now entirely possible for Scenario 2 to have higher expected future PD than Scenario 1, as this will hold whenever
Inequality (1) will be satisfied if p and x A are sufficiently small compared with x AB . If, in addition, hybrids can also arise within the (C, D) clade, then the corresponding condition sufficient for Scenario 2 to have higher expected PD than Scenario 1 is
where x 0 is the probability that a hybrid from (C, D) will become established if neither C nor D is conserved, and where x C is the corresponding probability if C (but not D) is conserved (Methods). Although the example here is simple, in principle the calculation can be applied to any phylogenetic tree with arbitrary branch lengths, extinction probabilities, and groups of taxa capable of forming hybrids. This result complements earlier studies 21, 25 that have investigated how biodiversity optimization decisions that treat species independently can be modified in respect of interactions such as predator-prey relationships. Extinction risk is also unevenly distributed amongst taxa 26, 27 . However, hybridization probabilities have the property that, in contrast to the other interaction effects previously studied, they correlate negatively with phylogenetic distance and therefore can provide contrasting PD predictions.
It is important to stress that only in instances where hybridization increases the adaptive potential does the above model apply. What is not modelled here are the conditions under which this occurs, and the contrasting situations and scenarios under which hybridization might reduce fitness 4 . A greater chance of adaptation is expected where a large number of hybridization events can occur between closely related species 4 . However, even when adaptive potential is increased, hybridization will be a double-edged sword. It has the potential to promote both long-term survival of endemic LETTERS lineages as well as facilitate biological invasions and the replacement of endemics by exotic species 19, 28 . As genome science delivers more detail on the nature of species, the evolutionary impact of hybridization will become clearer. A likely dilemma for future conservation efforts will be in deciding whether to work with or against hybridization and whether or not recognized species are the best units for conservation 2, 22 .
Methods
Empirical data analyses. A map showing ice cover and potential peripheral refugia in the South Island of New Zealand during the LGM was constructed as described in Supplementary Information 1 and plotted against extant species' distributions (Fig. 1a) . Accessions were genotyped using an ABI3730 sequencing protocol (Massey Genome Service) after first characterizing hot spot regions of chloroplast genome variation (Supplementary Fig. 1 ). These hypervariable regions were identified by Illumina sequencing and comparative analysis of chloroplast genomes for multiple accessions of P. fastigiatum/P. stellatum and P. enysii as also described in Supplementary Information 1. A haplotype network (Fig. 1c) was constructed for 1,463 base pairs (bp) of gene ycf1 using the TCS software (see Supplementary  Information 1 for details) . For this analysis, indels were each recoded as single point mutations. Poly-A and poly-T sequences longer than ten bp and one site with low sequencing quality due to flanking poly-A and poly-T stretches were removed. For relaxed clock estimates of chloroplast haplotype divergence times, indels were excluded from the analyses. Phylogenetic diversity. For our model of phylogenetic diversity loss accompanying possible hybridization within the AB clade, the expression (2p + x A )T in Scenario 1 arises from writing the random variable PD as PD = X 1 T + X 2 T , where X 1 and X 2 are 0,1 random variables with X 1 = 1 if either A survives or an (A, B) hybrid becomes established and survives, and X 2 = 1 if C survives. Then the expected PD is Pr(X 1 = 1)T + Pr(X 2 = 1)T and because Pr(X 1 = 1) ≤ p + x A by Boole's inequality, and Pr(X 2 = 1) = p, the expected PD is no more than (2p + x A )T . For Scenario 2 we have PD = XT , where X is the 0,1 random variable that equals 1 precisely when at least one of the following three events occur: A survives, B survives, or the event (H) that a hybrid of A and B becomes established and survives. Thus, the expected PD in this case is Pr(X 1 = 1)T ≥ Pr(H )T = x AB T . Thus, if Inequality (1) holds, Scenario 2 will have higher expected PD than Scenario 1. This analysis extends to the setting where hybrids can also arise within the (C, D) clade by noting that the expected PD in Scenario 2 is at least x 0 T + x AB T whereas for Scenario 1 it is at most (p + x A )T + (p + x B )T so when Inequality (2) holds, Scenario 2 will again have a higher expected PD than Scenario 1.
